Helical line is often used to mitigate rain-wind induced vibration of stay-cables as aerodynamic countermeasure. To evaluate the effect of helical line, two factors are very important, one is the effect of vibration mitigation, and the other one is aerodynamic force coefficients, as coefficients of cable with helical line are different with those of smooth cable. In this research, free vibrations in rainy and windy condition were conducted to study the relation between helical line parameters and vibration mitigation, and force measurements for fixed-supported cable model were conducted to study the relation between helical line parameters and aerodynamic coefficients. The object of this research is to find the optimized helical line parameters, when cable is attached with such kind of helical line, rain-wind induced vibration can be mitigated, and at the same time drag force coefficient is small.
Introduction
Large amplitude vibrations of stay-cable are often observed under rain and wind conditions. In 1980s, Hikami et al observed this vibration and named it as rain-wind induced vibration [Hikami et al, 1988] . This vibration of may damage the anchorage structure of cable-girder and cable-tower. Up to now, In order to clear the mechanism, a series of study works have been carried out by wind tunnel tests, field observation and analysis [Flamand et al, 1995; Gu et al, 2005; Zuo et al, 2008; Xu et al, 2011] .
In order to mitigate this vibration, many types of countermeasure have been used [Du et al, 2003; Wang et al, 2005; Li et al 2005] . Among them, aerodynamic countermeasure are often used.
In this paper, the phenomenon of rain-wind induced vibration is reproduced, the relation between cable vibration and yaw angle, vertical angle, rainfall, wind velocity have been studied. By attaching helical line with different parameters, the effect of helical line was investigated by free vibration tests, and drag force coefficients of cables with helical line were measured, the optimized parameters were discussed. Two types cable models were used in this research, one diameter is 128mm, the other one is 155mm. The cable model was made of a steel circular pipe covered with PE rubber, which has same surface with prototype cable. Full scale model was used to ensure the Reynolds number similarity. The cable model was supported by four springs in vertical direction. Two Displacement Meters were installed on both end of the cable model to measure the vibration displacement. The original natural frequency of the cable model was 1.03 Hz and the damping ratio of the model was measured to be 0.11%. The test model is shown in Figure 2 .
Large amplitude vibration of smooth cable was reproduced to find the parameters of wind velocity, rainfall intensity and position attitude when cable showed the largest amplitude vibration. It has been observed that under the conditions of 30° inclination angle and 35° wind yaw angle, the amplitude of the cable vibration was larger than under other angle conditions. So the mitigation effect for different diameters and pitch of helical lines were tested under the conditions of 30° inclination angle and 35° wind yaw angle. In the test, the parameters of diameter of 0.7 mm, 1.2 mm, 1.6 mm, 2.0 mm, 3.0 mm and the pitch of 6D, 8D, 10D, 12D were investigated, where D is the diameter of the cable.
In the test, the double helical lines were used twined clockwise on cable surface; the pitch of the helical lines refers to the single helical line.
Vibration test results
First, the parameters include yaw angle, vertical angle, rainfall and wind velocity effect on cable vibration were investigated. The relation between rainfall, wind velocity and cable vibration are shown in Figure 3 (where the vertical angle α=25° and yaw angle β=35°).
It can be found that in small rainfall and high wind velocity, cable shows large amplitude vibration. Second, the effects of helical line were investigated when the pitch was 12D. The vibration amplitudes of cable with double helical line twined in 12D pitch are shown in Figure 6 , the diameters of helical line are 0.7 mm, 1.2 mm, 1.6 mm, 2.0 mm and 3.0 mm respectively.
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It can be seen that with the increasing of diameters of the helical lines, the vibration amplitude and vibration range of wind speed decrease dramatically. When 12D is used as pitch parameter, to mitigate the vibration effectively, the diameter of helical line should be larger than 1.6mm.
Second, the parameter of helical line pitch was investigated when the diameter was 1.2mm.
The vibration amplitude of cable with double helical line (diameter was 1.2mm) twined in 6D, 8D, 10D, 12D are shown in Figure 7 .
It can be seen that with the decreasing of helical line pith, the vibration amplitude decrease dramatically. When pitch is 12D, large amplitude vibration appears when wind velocity is within 10 m/s ~ 15 m/s range, and maximum amplitude of the cable model is 29 cm. When pitch is 8D, the vibration appears when wind velocity is within 12 m/s ~ 14 m/s range, and maximum amplitude of the cable model is 19.6 cm. When pitch is 10D, the vibration appears when wind velocity is within 12 m/s ~ 13 m/s range, the maximum amplitude of the cable model is 16.5 cm. When pitch is 6D, the vibration does not appear.
So, when 1.2mm is used as helical line diameter, to mitigate the vibration effectively, the pitch should less than 8D. 
Aerodynamic force
Cable model and test conditions
The balance and cable model used in this test are shown in Figure 8 and Figure 9 . Similar to the tests above, force measurements were conducted in the small working section. The diameters of helical line are 0.7mm, 1.2 mm, 1.6 mm, 2.0 mm and 3.0 mm respectively, and pitch are 6D, 8D, 10D and 12D respectively. The diameter and length of the cable model are 155 mm and 1,700 mm, respectively. The cable model surface is same with the models used in free vibration.
Mean drag force coefficient of cable model is expressed by following equation:
Where C D is mean drag force coefficient, F D is mean drag force, ρ is air density, U is mean wind velocity, A D is projective area in drag force direction.
Force measurement results
The change curves of drag force coefficient of cable model with different diameters of helical line are shown in Figure 10 . From the figure it can be seen that drag force coefficient of cable model increases with the increase of the diameters of the helical lines. At high Reynolds numbers, the drag force coefficients of the cable model with these helical lines are less than 0.8. For example, when the Reynolds number is 380,000, the drag force coefficients of helical line of 0.7 mm, 1.2 mm, 1.6 mm and 2.0 mm are 0.52, 0.56, 0.61 and 0.64 respectively.
The change curves of drag force coefficient of cable model with different pitch of helical line are shown in Figure 11 . It can be seen that when pitch increases, drag force coefficient decreases. When pitch increases from 6D to 8D and 10D, drag force coefficient decreases obviously, while pitch increase from 10D to 12D, drag force coefficient changes little.
When the Reynolds number is over 330,000, the drag force coefficient almost do not change with the increasing of Reynolds number.
When the Reynolds number is 380,000, the drag force coefficients of the cable model with pitch of 6D, 8D, 10D, 12D is 0.68, 0.61, 0.58 and 0.56 respectively. 
Conclusion
By free vibration tests, the effect of helical line with different parameters to mitigate cable vibration were investigated, and by force measurements for fixed supported cable model, drag force coefficients were investigate for these helical line parameters. Some conclusions are as follows:
(1) Vibration amplitude and vibration range of wind velocity decrease when helical line diameter increases, when helical line pitch is fixed.
(2) Vibration amplitude and vibration range of wind velocity increase when helical lines pitch increase, when helical line diameter is fixed.
(3) Drag force coefficient increases when helical line diameter increases. (4) Drag force coefficient decreases when helical line pitch increases.
(5) When 12D is used as pitch parameter, to mitigate the vibration effectively, the diameter of helical line should be larger than 1.6mm.
(6) When 1.2mm is used as helical line diameter, to mitigate the vibration effectively, the pitch should less than 8D.
